Image analysis is used to study the effect of sintering atmosphere and sintering time on the pores morphology of Astaloy CrM. The pores morphology was described by means of some parameters, Circular Diameter (DC)-which shows the diameter of equivalent circle for comparing the pore size, FElongation and FShape-which have different geometrical meanings. The results were interpreted with reference to an elliptical geometry which represents the theoretical shape to which pores tend. Effect of different sintering atmospheres (N2, Cracked Ammonia (NH3), Ar, Vacuum and air) at 1200ºC was investigated. The results showed 20% decrease of maximum DC in vacuum and cracked ammonia in comparison with other atmospheres. The pore size measurement by image analyses confirmed the variation of density measured by Archimedes method. Dc was affected by atmosphere more than Fshape and FElongation. Furthermore, Fshape was more sensitive than Felongation to different sintering atmospheres. Mechanical properties of specimens have a significant relation with percentage of pores (porosity) and morphology. Vacuum atmosphere led to more spherical and finer pores. Sintering atmosphere has significant effect on pores size and pore distribution in comparison with other morphological parameters in Astaloy CrM. Differences in FShape and FElongation factors are more observable in large pores (over 75µm 2 area) in comparison with smaller ones. Fshape seems to be more suitable than Felongation for evaluating the effect of sintering variables on the evolution of pores morphology.
INTRODUCTION 1
In this study, image analysis is used to study the effect of the sintering atmosphere on porosity characteristics of Astalloy CrM. Bonding of metallic or ceramic powder particles takes place in solid phase, or in some cases, in the presence of a partially melted phase at sintering temperature. In the early stages of sintering particles join at their interfaces by forming necks. Later, the necks grow continually during further stages of sintering, changing the morphology and volume fraction of pores continuously till the end of the sintering process. Therefore, morphology and density of a metallic or ceramic material can be controlled by varying the sintering process parameters [1] .
Structural changes related to neck growth during sintering is dependent on mass transfer mechanisms 1 *Corresponding Author Email: a_haerian@sadjad.ac.ir (A. Haerian Ardakani) which are mainly diffusion-based processes [1, 2] . Diffusion is a heat-activated process, meaning that atoms require heat energy for their movements. There are several parameters affecting the end results of sintering, one of the most important ones being the sintering atmosphere. Sintering atmosphere is chosen so as to inhibit oxidation of powder particles during sintering, and hence it varies with the material that is being sintered [2] . An appropriate atmosphere is the one which helps to decrease active pore surface area by rounding the pores, increase the number and strength of metallic bonds between particles, increase density, decrease porosity, homogenize the structure and reduce defects [3] .
Presence of pores in sintered material reduces its mechanical properties by reducing the load bearing cross section and causing local stress accumulation, so that they act as sites for crack nucleation. Amongst various mechanical properties, fatigue behavior of the material is most sensitive to porosity and pore morphology [3, 4] . The pores are sites for crack initiation and best location for crack propagation as well.
Moreover, they constitute a favorable path for crack propagation. Porosity affects mechanical properties through geometry and distribution of pores in the PM part. Geometrical parameters affecting fatigue resistance of the material include shape, size and roundness, the degree of interconnection, volume fraction and statistical distribution of pores [4] .
MATERIALS AND METHODS
Material used for this research was pre-alloyed Astaloy CrM powder having nominal composition: Fe, 3% Cr, 0.5% Mo. To this pre-alloyed powder, 0.3% graphite and 0.8% wax were added as lubricant. The test specimens were pressed at room temperature and 600MPa. The pressed parts were then sintered for 45 min at 1200 o C under different atmospheres as shown in Table  1 Here, the number, length, and surface area of pores are measured to get a general overview of statistical scatter of pores in three dimensions [5] . In order to prepare all the metallographical samples under similar conditions, all the samples were mounted together and further treated for metallographic tests by standard methods [5] . Careful metallographic preparation is particularly important for the analysis of sintered structures, because the shape of pores is as important to strength as their quantity. When the specimen is properly prepared, the areal fraction of porosity will equal to its volume fraction, and these must be equal to the porosity calculated by actual measurement of density of porous material and pore-free density of a uniformly dense part by Equation (1):
here, V p is the volume fraction of pores as calculated , P d is theoretical density of the powder (density of the material without pores), and M d is the actual density of PM samples [6] . Quantitative parameters were measured using Clemex Image Analysis and the PM package of MIP software produced by Nahamin Pardazane Asia Co. The results from the two sources were compared.
Theoretical density of Astaloy CrM was taken as 7.80 g/cm 3 . Densities of as-sintered samples were determined by Archimedes method. Density calculated using volume fraction of pores obtained from the two image processing techniques was cross checked by that determined by Archimedes method.
The following geometrical parameters were used for determination of pore morphology: v D circle = diameter of the equivalent circle with surface area equal to that of the pore as seen in the micrograph. v A = the surface area of pore. v f elong = elongation factor which is the ratio D min /D max . D max being the largest diameter, and D min the smallest diameter of the pore measured on the micrograph (see Figure 1 ). v f shape = shape factor which is a measure of roundness of pore. f shape = 4πA/P 2 , where A=surface area, and P=perimeter of the pore.
Both elongation factor and shape factor are in the range 0 to 1. Shape factor is affected by surface roughness and ratio of periphery to area of the pore. For a circle, it equals 1, and for other shapes is as shown in Figure 2a . The closer this factor to 1, the smoother and more spherical is the pore [6] . Elongation factor is an indication of the difference between longest and shortest dimension of the pore. The closer to 0, the more elongated is the pore (Figure 2b ).Variation of elongation and shape factors with pore geometry is shown in Figures 3 and 4 . Since in general larger pores are more irregular, the pores were divided into two categories, namely: small pores with surface area under 75 square microns, and large pores with surface area over 75 square microns as proposed by other researchers [7] . Quantitative parameters were measured by image analyzer software. After calibration of the software, 10 random surfaces of each sample were analyzed. In total, over 6000 pores were studied and measured. The results were double checked by qualitative analysis of SEM micrographs. Mechanical properties were measured on 4 tension test specimens of each sample. Tension tests were carried out on 700KN Zwick testing machine. 
RESULTS AND DISCUSSION
Pore morphology of samples in four test atmospheres are shown in Figure 5 . The SEM micrographs at two different magnifications are presented in Figure 6 . Density and pore fraction of samples were determined by image analysis and calculated by Archimedes's rule. These results for all four classes of materials are presented in Table 2 . Figure 7 shows the pore size distribution for both sizes, i.e. smaller and larger than 75 square micron pores. The figure shows that for small pores the largest diameter of the equivalent circle for groups 1 and 2 are 10% and 25% smaller than that for groups 3 and 4, respectively. However, the results for larger pores (larger than 75 square microns) seem to be more uniform for all four groups (Figure 7 b). Figure 8 shows the largest equivalent circle diameter for the four groups of samples. Figure  10a) shows that the shape factor (F shape ) for larger pores tend to smaller values. At the same time, both figures show that this factor is highest for samples sintered under vacuum, followed by cracked ammonia, and nitrogen and is smallest for samples sintered under Argon. However, the distribution of F shape for all samples is almost the same. This indicates that the pore shape changes from more roundish periphery to irregular one. This change is more pronounced for smaller pores (Figure 10a) .
Tensile test results (Table 3 ) indicate higher UTS, σ y and percent elongation for samples sintered under vacuum and cracked ammonia as compared to the other two atmospheres (Figures 11 and 12) . 
